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Abstract Long-lived hydrothermal circulation is now well documented along slow and ultraslow
spreading mid-ocean ridges, even though these settings only receive a moderate and intermittent
supply of magma. This challenges the notion that hydrothermal convection must be sustained by
a continuously replenished magma body. Here we investigate the possibility of sustaining hydrothermal
circulation by infrequent magmatic intrusions separated by episodes of downward propagation of
small cracks enabling ﬂuids to tap heat from deep hot rocks. We focus on cracks nucleating from grain
boundary ﬂaws in response to the buildup of cooling stresses at the base of the convection system.
We develop an analytical model describing the stable propagation of a percolation front and the associated
heat transfer through hydrothermal circulation. Convection ceases when thermoelastic stresses can no
longer overcome lithostatic pressure and hydrothermal circulation can no longer mine heat from
underlying units. For lithospheric permeabilities greater than ∼10−15 m2 and over a wide range of grain
and ﬂaw sizes, this occurs within ∼100 kyr to ∼1 Myr from the onset of cracking, after the cracking front has
moved by a few kilometers. We validate this analytical prediction by developing two-dimensional
numerical models of porous convection subjected to a lower boundary condition representing
the dynamics of the cracking front. These models suggest that moderate- to low-temperature hydrothermal
venting in oﬀ-axis, ultramaﬁc-hosted sites does not require an underlying magma sill at all times, but
instead repeated sill intrusions every ∼10–100 kyr, which periodically reinvigorate hydrothermal convection
without building a continuous crustal section.
1. Introduction
The majority of Earth’s internal heat is transferred and lost through the oceanic lithosphere. This process is
optimized at mid-ocean ridges where (1) hot asthenosphere and partial melts upwell to within a few kilome-
ters belowand sometimesonto the seaﬂoor and (2) vigorous convectionof aqueousﬂuids throughpermeable
young lithosphere allows eﬃcient heat extraction accounting for up to 25%of the Earth’s total heat loss (Stein
& Stein, 1994). Hydrothermal activity in turn controls the thermomechanical state and the degree of hydration
of recently formed oceanic lithosphere, which are central to plate tectonic processes.
Thedetailedmechanismsbywhichheat is transferredbetween the lithosphere andoceanatmid-ocean ridges
remain amatter of debate. Early studies suggested that vigorous hydrothermal convection could be sustained
over long time scales by the percolation of water into hot rock rendered permeable by thermal fracturing
along a downward propagating “cracking front” (Lister, 1974; Wilcock & Delaney, 1996). However, the discov-
ery of axial magma lenses (AMLs) underlying many high-temperature discharge areas at fast- (and locally at
slow-) spreading ridges (Baker, 2009; Canales et al., 2006; Detrick et al., 1987; Kent et al., 1990; Singh et al.,
2006) caused a paradigm shift. Subsequent studies favored the hypothesis that the energy-driving hydrother-
mal convection is supplied by the speciﬁc heat and latent heat of crystallization of the AML melt, transferred
through a thin conductive boundary layer at the base of the porous convection system (Lister, 1995; Lowell &
Burnell, 1991; Lowell & Germanovich, 1994, 2004). Heat balance models accounting for magmatic replenish-
ment and viscous convection in the AML (Liu & Lowell, 2009) further showed that magma supply rates on par
with those of terrestrial volcanoes (5×105 to 5×106 m3/year) were necessary to sustain stationary hydrother-
mal convection and high-temperature venting at the seaﬂoor. Hydrothermal circulation is expected to decay
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over decadal time scales should magmatic replenishment be suddenly cut oﬀ (Liu & Lowell, 2009; Lowell &
Burnell, 1991). It was also proposed that stresses related to AML replenishment events were critical to main-
tain a high permeability in the conductive boundary layer (CBL) marking the base of the porous convection
system, immediately above the AML (Wilcock et al., 2009). This “magmatic heat” model works well at fast- and
intermediate-spreading ridgeswheremagma supply is robust and steady and is consistent with recent obser-
vations of ﬂuid-related microseismicity within a few hundred meters above the AML roof at 9∘N on the East
Paciﬁc Rise (Tolstoy et al., 2008).
On the other hand, the magmatic heat model typically fails to explain strongly ﬂuctuating, yet long-lived
(i.e.,≥10–100 kyr) hydrothermal discharge often observed at slow and ultraslow spreading ridges (e.g., Lalou
et al., 1995; Lowell, 2010), where melt supply is highly episodic and spatially variable (Wilcock & Delaney,
1996). Sustaining very long-lived (hundreds of kyr) hydrothermal discharge with a single, nonreplenished sill
requires low permeabilities and intrusions an order of magnitude larger than typical mid-ocean ridge sills
(Cathles et al., 1997). In addition, the observation of moderate- to high-temperature venting in the footwall
of large-oﬀset oceanic detachment faults, up to ∼10 km oﬀ axis (e.g., Connelly et al., 2012; Escartín et al.,
2017) is diﬃcult to reconcile with the notion that magma should be primarily focused and emplaced on axis.
While recent seismic observations do show that oﬀ-axis emplacement of sills is possible in the footwall of
detachment faults (Canales et al., 2017), it is unlikely that these areas receive a robust and suﬃciently steady
magma supply to sustain vigorous hydrothermal circulation over long periods of time. This is largely because
high ratesofmagmatic emplacement—particularly at shallow lithospheric levels—areexpected to terminate
the growth of detachment faults (MacLeod et al., 2009; Olive et al., 2010).
Hydrothermal venting also appears to be widespread along ultraslow spreading ridges, which constitute the
coldest,mostmagma-poor end-memberofmid-ocean ridges. Studies ofwater columnanomalies have shown
that venting occurs within essentially amagmatic sections of the Gakkel and Southwest Indian Ridge (Baker
et al., 2004). Further, when normalized by the long-term averaged melt supply inferred from simple models,
the frequency of venting sites at ultraslow ridges appears anomalously high compared to all other spreading
rates. This suggests that hydrothermal circulation in these “magma deserts” can tap into additional sources
of heat such as deep, faulted hot rocks, and/or exothermic alteration reactions (Lowell, 2010). This idea is
gaining support from recent seismic and modeling studies (Harding et al., 2017; Lowell, 2017; Schlindwein
& Schmid, 2016). For example, Schlindwein and Schmid (2016) reported a lack of shallow seismicity within
the upper ∼15 km of ultraslow spreading, magma-starved oceanic lithosphere. They interpreted this result,
and the occurrence of earthquakes down to ∼35 km below the ridge axis, as evidence for strong hydrother-
mal cooling and pervasive alteration within the upper part of the lithosphere wherever a continuous crustal
section is absent and the seaﬂoor is mostly composed of serpentinized peridotites.
Driving and sustaining hydrothermal circulation over long periods of time, which is necessary to achieve per-
vasive alteration of the oceanic lithosphere, requires both permeable ﬂuid pathways and a source of heat.
In quasi-amagmatic environments, continued intrusion of sills cannot constitute a steady source of heat and
permeability. A possible alternative is that stresses due to cooling, local tectonic processes, and/or volume
changes associated with alteration reactions enable the propagation of cracks toward greater lithospheric
depths, rendering deep hot rocks accessible to ﬂuid ﬂow, which taps into an immense reservoir of heat.
Additional heat may be provided by exothermic reactions. Here we propose that infrequent magmatic intru-
sions periodically restart vigorous hydrothermal circulationwhile the propagation of a cracking front sustains
circulation during long amagmatic phases. We seek to place quantitative constraints on the time scales over
which convection can be sustained by cracking. As a ﬁrst step toward fully coupled models of fracture prop-
agation, permeability evolution, and convective heat extraction, we focus on the eﬀect of thermoelastic
cracking on the lifespan of hydrothermal systems. We speciﬁcally consider a test problem in which a mag-
matic heat source sustaining vigorous hydrothermal convection is suddenly removed, and heat can only be
tapped by a cracking front. Unlike previous studies (Bodvarsson, 1982; Lister, 1974; Lowell, 2010), we envision
cracking to ﬁrst occur at the mineral scale, consistent with observations by Manning et al. (2000). Quantities
of interest in our model include the time scale over which cracking-fueled convection can be maintained, as
well as the range of depths that can be spanned by cracking fronts. While the former constrains how often
magmatic intrusions must occur to sustain long-lived circulation, the latter determines the vertical extent of
axial oceanic lithosphere that may undergo alteration.
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Figure 1. Schematic illustration of heat transfer from deep, viscous hot rocks
to the ocean at a mid-ocean ridge axis where no magma is supplied. Heat
is ﬁrst conducted upward through a thin boundary layer (CBL) associated
with a sharp vertical gradient in temperature T(z). It is then taken up by
a hydrothermal convection system in shallow portions of the crust where
the crust is cracked and permeable. The temperature proﬁle in this region is
close to adiabatic. Thermal stresses build up in the elastic CBL, which is too
cold to be viscous (and eﬃciently relax stresses), but has not yet cooled
suﬃciently to enable cracking. Stable crack growth at a given depth z can
only occur once T has cooled to a temperature marked by the gray dashed
line on the right panel. As convection mines heat from the system, the CBL
deepens and thickens as the front of the cracked region migrates downward.
In this paper we detail an analytical framework aimed at describing
the dynamics of a grain-scale cracking front coupled with hydrother-
mal heat extraction. This model is then implemented in more realistic
two-dimensional numerical simulations of porous convection, in order to
identify the pertinent physics and relevant time scales of front migration
and cooling. After discussing the sensitivity of our results to simplifying
assumptions and micromechanical parameters, we apply them to real
geological setting using the example of the Von Damm Hydrothermal
Field on the Mount Dent oceanic core complex on the Mid-Cayman
Spreading Center.
2. An Analytical Framework for Hydrothermal
Convection Fueled by Thermal Cracking
2.1. Heat Balance Across a Cracking Front
We consider a simpliﬁed one-dimensional model (Figure 1) in which
hydrothermal convection occurs in a subseaﬂoor region of uniform per-
meability k extending down to a depth zH (See Table 1 for a summary
of parameter notations.) The lower boundary of the hydrothermal system
corresponds to a cracking front of temperature TH separating permeable
(fractured) rocks from underlying impermeable rocks. Our basic assump-
tion is that thermal stresses due to hydrothermal cooling can trigger
grain-scale cracking within the CBL that marks the base of the porous
convection system. As a result, rock units immediately beneath the CBL
are assumed to instantaneously acquire a permeability k. This in turn
allows the cracking front (initially at depth zH0 below seaﬂoor) to migrate
downward and the convective system tomineheat fromdeeper rockunits.
Tomodel the dynamics of the cracking interface, we assume a steady state
balance between the heat ﬂux transferred by hydrothermal convection
(qH) and the heat ﬂux mined out of underlying hot rocks (qR):
qH(t) = qR(t). (1)
As the cracking front deepens at a rate dzH∕dt> 0, qR is given by
qR(t) = 𝜌scs
(
TM − TH(t)
) dzH
dt
, (2)
where 𝜌s and cs are the density and heat capacity of impermeable rocks, TM is the temperature of hot rocks
far below the cracking (percolation) front, and T0 is the ocean temperature at the seaﬂoor. The heat ﬂux qH(t)
transferred by hydrothermal convection through the permeable layer of thickness zH(t) can be expressed as
a conductive heat ﬂux multiplied by the system’s Nusselt number Nu:
qH(t) = Nu𝜆m
TH(t) − T0
zH(t)
, (3)
where 𝜆m is the thermal conductivity of the ﬂuid-rock mixture.
A scaling relation appropriate for hydrothermal convection with ﬁxed bottom temperature (Fontaine et al.,
2011; Lowell & Germanovich, 2004) can be written as
Nu = 𝜁Ra, (4)
where 𝜁 is a scaling factor, and Ra is the Rayleigh number deﬁned as
Ra(t) =
𝛼fg
(
TH(t) − T0
)
zH(t)k
𝜅m𝜈f
, (5)
In equation (5) 𝛼f and 𝜈f are the thermal expansion coeﬃcient and kinematic viscosity of the hydrothermal
ﬂuid, respectively. 𝜅m is the eﬀective thermal diﬀusivity of the ﬂuid-rock system. Equation (4) is valid as long
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Table 1
Summary of Parameter NotationsWith Reference Values
qH Heat ﬂux transferred by hydrothermal convection (W/m
2)
zH Depth of the cracking front (m)
zH0 Initial depth of the cracking front (1,000 m)
TH Temperature of the cracking front (
∘C)
TM Temperature of hot rock far below the cracking front (600
∘C unless speciﬁed)
Tve Temperature of the viscoelastic transition (900
∘C)
T0 Ocean temperature (0
∘C)
TH0 Initial temperature of the cracking front (
∘C)
zMAX
H
Maximum possible depth of the cracking front (m)
zMIN
H
Minimum possible depth of the cracking front (m)
Ra Rayleigh number of hydrothermal convection system
RaC Critical Rayleigh number (10)
Nu Nusselt number of hydrothermal convection system
k Permeability of hydrothermal system (m2)
kMIN Minimal permeability enabling hydrothermal convection and thermal cracking (m
2)
g Acceleration of gravity (9.8 m/s2)
cf , cs Heat capacity of the hydrothermal ﬂuid and solid matrix, respectively (4,000 and 1,000 W/kg/K, respectively)
𝜆f , 𝜆m Thermal conductivity of the hydrothermal ﬂuid and solid matrix (0.5 and 2 W/m/K, respectively)
𝜌f , 𝜌s Reference density of the hydrothermal ﬂuid and solid matrix (400 and 2,900 kg/m
3 , respectively)
𝜆m Eﬀective thermal conductivity of the hydrothermal ﬂuid and solid matrix (2 W/m/K )
𝜅m Eﬀective thermal diﬀusivity of the hydrothermal ﬂuid and solid matrix (10
−6 m2/s)
𝛼f Thermal expansion coeﬃcient of the hydrothermal ﬂuid (3 × 10
−3 K−1)
𝜇f , 𝜈f Dynamic and kinematic viscosity of the hydrothermal ﬂuid (𝜈f = 10
−7 m2∕s)
KIC Critical fracture toughness (10
6 Pa m
1
2 )
E Young’s modulus (197 × 109 Pa)
𝜈 Poisson’s ratio (0.25)
Δ𝛼 Diﬀerence in thermal expansion coeﬃcient across directions within a mineral (3.1 × 10−6 K−1)
L Grain size (5 mm, unless speciﬁed)
a Flaw size (0.25 mm, unless speciﬁed)
𝜎xx Normal stress acting on grain boundaries (Pa)
Pw Seaﬂoor pressure (1.96 × 10
7 Pa)
𝜏 Time scale for hydrothermal decay (s)
𝜏∗ Lifespan of hydrothermal convection (s)
𝜁 Scaling factor (0.1)
𝜙 Porosity (0.03)
asRa exceeds the critical Rayleighnumber RaC necessary to initiate convection (Lapwood, 1948; Nield&Bejan,
1992). By deﬁnition, the Nusselt number of the convective systemmust be greater than 1when Ra ≥ RaC . The
scaling factor 𝜁 must therefore verify 𝜁 ≥ 1
RaC
.
Combining equations (3)–(5) cancels the zH term in qH, yielding
qH(t) =
𝛼f𝜆m𝜁g
𝜅m𝜈f
k
(
TH(t) − T0
)2
. (6)
Equation (6) implies that the heat output of the hydrothermal system does not depend on its depth of pen-
etration, but is strongly modulated by the temperature at the cracking front. For convenience, we rewrite
equation (6) as
qH(t) = Ωfk
(
TH(t) − T0
)2
, (7)
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whereΩf is a combination of hydrothermal ﬂuid and rock properties:
Ωf =
𝛼f𝜆m𝜁g
𝜅m𝜈f
. (8)
The heat balance in equation (1) can now be expressed as
dzH(t)
dt
=
Ωfk
𝜌scs
(
TM − TH(t)
)
. (9)
An additional relation between the temperature and depth of the front is required to fully describe the tem-
poral evolution of zH and TH. We derive it in the following section by considering a coupling between thermal
stresses, grain-scale cracking, and ﬂuid percolation.
2.2. Thermal Cracking at the Hydrothermal Boundary Layer
In our simpliﬁed model, the physical mechanism enabling the percolation front to migrate downward as the
system cools is the propagation of grain-scale cracks, which rapidly form a permeable network in initially
impermeable rocks. This is consistent with observations by Manning et al. (2000), who recognized that the
earliest stage of fracturing and formation of ﬂuid pathways in lower crustal gabbros was the growth of cracks
from grain boundary defects. Here we consider a simple geometry where an initially impermeable rock is
made up of square olivine grains of size L, with ﬂaws of characteristic size a along their boundaries (deMartin
et al., 2004; Fredrich&Wong, 1986). These ﬂaws can represent imperfect junction betweengrains, or any other
preexisting defect (Figure 1). As hydrothermal convection mines heat from impermeable hot rocks, thermal
stresses build up in and around grains due to anisotropy in the thermal expansion coeﬃcients Δ𝛼, that is, a
diﬀerence in the thermal expansion of olivine along orthogonal directions in themineral. Following deMartin
et al. (2004), we assume that thermoelastic stresses start to accumulate when rocks cool below a viscoelastic
transition temperature Tve. If the cracking front temperature exceeds Tve, however, thermoelastic stresses relax
rapidly by viscous creep without driving any cracking. While deMartin et al. (2004) showed that faster cooling
rates will result in greater Tve (in the ∼700–1000
∘C range under geological conditions), we will assume that
Tve is constant for simplicity. Ignoring the fact that Tve decreases as the system cools more and more slowly
will likely result in overestimating the cracking front temperature, but renders the problemmore tractable.
Thermoelastic tractions due to anisotropic expansion can be modeled as normal stress acting along grain
boundaries (Fredrich & Wong, 1986), which in the coordinate system (x, y) of Figure 1 can be written
𝜎xx(x) =
(
Tve − TH
) EΔ𝛼
2𝜋 (1 − 𝜈2)
f (x, L). (10)
In equation (10), f (x, L) is a shape function deﬁned as
f (x, L) =
4L2
4L2 + (2L − x)2
−
4L2
4L2 + x2
+ ln
(
2L − x
x
)
−
1
2
ln
(
4L2 + (2L − x)2
4L2 + x2
)
, (11)
where E and 𝜈 are the Young’s modulus and Poisson’s ratio of the material, respectively. A mode I crack can
stably propagate from a grain boundary ﬂawwhen the associated fracture toughness KI is equal to the critical
fracture toughness (KIC, a property of the material). We consider a complete stress state which incorporates
the thermoelastic stresses from equation (10) and a conﬁning pressure P that counteracts it. In this particular
stress ﬁeld, KI is given by
KI =
√
2
𝜋a∫
a
0
𝜎yy(x)
√
x√
a − x
dx − P
√
𝜋a. (12)
Upon combining equations (10) and (12), we can rewrite the fracture toughness as a linear combination of
(Tve − TH) and P:
KI = AT
(
Tve − TH
)
− APP, (13)
where AT and AP are constants deﬁned as
AT =
√
2
𝜋a
EΔ𝛼
2𝜋 (1 − 𝜈2)∫
a
0
f (x, L)
√
x√
a − x
dx (14)
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and
AP =
√
𝜋a. (15)
If we assume that the conﬁning pressure is strictly lithostatic:
P = 𝜌sgzH + P0 (16)
(with P0 the pressure at the seaﬂoor), then the condition for stable crack propagation (KI = KIC) provides a
linear relation between the temperature and depth of the cracking front. This relation can be diﬀerentiated
with respect to time, yielding:
AT
dTH
dt
+ 𝜌sgAP
dzH
dt
= 0. (17)
An assumption made in our model is that as soon as cracks can stably propagate from intragranular defects,
they will form an interconnected, permeable network. In other words, we assume that our cracking front is a
percolation front across which permeability instantaneously jumps from 0 to k. The value of kmust therefore
be related to the geometry of the network. To ﬁrst order, this network canbe approximated as a series of tubes
of diameter related to the ﬂaw size a, which follow the edges of cubic olivine grains of size L. The eﬀective
permeability yielded by this conﬁguration (Turcotte & Schubert, 2002) is
k =
𝜋
128
a4
L2
. (18)
For grain sizes ranging between 1 mm and 1 cm, and ﬂaw sizes ranging between 1% and 10% of the grain
size, equation (18) predicts permeabilities between 2 × 10−16 and 2 × 10−10 m2. These are in line with typical
estimates of permeability beneath mid-ocean ridge hydrothermal systems (e.g., Barreyre & Sohn, 2016; Low-
ell et al., 2013), suggesting that ﬂuid ﬂow through grain-scale cracks can be a primary mechanism for porous
ﬂow in the oceanic lithosphere. It is of course unlikely that newly cracked rocks will retain a constant perme-
ability over time. Crack growth and linkage can rapidly modify the newly acquired permeability of fractured
rocks, and numerous processes such as crack healing or mineral precipitation due to ﬂuid-rock reactions may
signiﬁcantly reduce permeability over the long time scales of interest in this study. Wewill therefore treat k as
a free parameter, independent of L and a, and uniform in space and time. The scalings we derive in the rest of
this section can later be used to assess the eﬀects of a long-term change in permeability.
2.3. Conditions for Cracking-Driven Convection
Equations (9) and (17) fully describe the dynamics of a cracking front migrating downward [zH(t) increases]
as the system cools [TH(t) decreases] and drives further cracking. As the front reaches greater and greater
depths, the increasing conﬁning pressure makes it more diﬃcult for cracks to propagate, which slows down
and eventually halts the front migration. However, in order for convection-induced cracking to even occur,
certain requirements must bemet. First, the condition for stable crack propagation constrains a trajectory for
the cracking front:
AT
(
Tve − TH
)
− AP
(
𝜌sgzH + P0
)
= KIC. (19)
This maps as a straight line in (TH, zH) space provided AT and AP remain constant with depth (Figure 2). In
addition, in order for hydrothermal convection to occur, the values of (TH, zH) must be such that the Rayleigh
number of the hydrothermal system is supercritical (Ra ≥ RaC). This threshold for convection maps as
a hyperbola in (TH, zH) space. Upon combining equations (5) and (19), one can express the condition for
cracking-driven convection as
−
AP
AT
𝜌sgz
2
H
+
(
Tve − T0 −
KIC
AT
−
AP
AT
P0
)
zH −
𝜆m𝜁RaC
kΩf
≥ 0. (20)
Equation (20) is equivalent to having the convection onset hyperbola (Ra = RaC) sit to the left of the stable
cracking line (KI = KIC) in Figure 2. This is guaranteed if the discriminant D of the second-order polynomial
function of zH in equation (20) is positive, that is,
D =
(
Tve − T0 −
KIC
AT
−
AP
AT
P0
)2
−
4AP𝜌sg𝜆m𝜁RaC
kATΩf
≥ 0. (21)
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Figure 2. Conditions for cracking-driven hydrothermal convection. The colored ﬁelds (corresponding to Rayleigh
number) indicate combinations of cracking front depth zH and temperature TH that allow convection [i.e., Ra ≥ RaC ,
see equation (5)]. The red lines represent conditions at which grain-scale cracks can propagate in a stable manner
[i.e., KI = KIC , see equation (19)]. Due to the increasing conﬁning pressure, it takes more cooling of the cracking front to
stably propagate cracks at a greater depth. This eﬀect is responsible for the slowing of the front migration observed in
our models. These plots use the reference parameter values listed in Table 1 and permeabilities of (a) 1.9 × 10−16 m2
[kMIN in equation (22)]; (b) 2.5 × 10
−16 m2 ; and (c) 2.5 × 10−15 m2 .
This condition can be rewritten as a requirement on the system’s permeability:
k ≥ kMIN = 4AP𝜌sg𝜆m𝜁RaC
ATΩf
(
Tve − T0 −
KIC
AT
−
AP
AT
P0
)2 . (22)
As long as the permeability of the hydrothermal system exceeds kMIN, convection-induced cracking can occur
and the front canmigrate downward. It is important to note, however, that possible values of zH are bounded
by the two roots of equation (20), that is, the two intersections of the cracking line and the convection
hyperbola (Figure 2). These bounds (zMIN
H
≤ zH ≤ zMAXH ) write
zMIN
H
=
AT
(
Tve − T0
)
− APP0 − KIC − AT
√
D
2AP𝜌sg
(23)
and
zMAX
H
=
AT
(
Tve − T0
)
− APP0 − KIC + AT
√
D
2AP𝜌sg
(24)
Finally, the maximum initial value of TH (TH0) cannot be set arbitrarily. The maximum value of TH0 that will
enable cracking is the temperature TMAX
H0
at the shallowest intersection of the cracking line and convection
hyperbola [TH corresponding to zH = z
MIN
H
in equation (19)]:
TMAX
H0 = Tve −
KIC
AT
−
AP
AT
(
𝜌sgz
MIN
H
+ P0
)
(25)
In summary, the system parameters and initial conditions must meet certain requirements in order for
cracking-driven convection to occur. Most importantly, the permeability of the hydrothermal systemmust be
greater than kMIN, which mainly depends on the thermomechanical properties of the crust and hydrother-
mal ﬂuids. We shall consider cases where k> kMIN and hydrothermal circulation is initially sustained down to a
ﬁxed depth zH0 which falls between z
MIN
H
and zMAX
H
. This can be achieved if amelt lens is emplaced immediately
below zH0, and supplies enough heat for hydrothermal convection to rapidly initiate and develop between
the seaﬂoor and zH0. In the following, we focus on a test problemwhere at time t = 0 themagmatic heat input
disappears, and only thermal cracking and front migration can sustain the hydrothermal system. Quantities
of interest include the lifespan of hydrothermal convection after the magmatic heat source has waned, and
the maximum depth that can be reached by the cracking front.
2.4. Cracking Front Dynamics
Upon combining equations (9) and (17), the heat balance across the percolation front can be expressed as an
ordinary diﬀerential equation on the front temperature:
dTH
dt
= −
1
𝜏
(
TH − T0
)2
TM − TH
, (26)
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Figure 3. Slowly decaying hydrothermal convection sustained by thermal
cracking, with a permeability of 2.15 × 10−15 m2 . Black curves show the
result of the analytical model described in section 2, red curves correspond
to the numerical model described in section 3. (a) Cracking front
temperature. (b) Cracking front depth. (c) Total heat extracted through the
convective system. (d) Rayleigh number, with critical Rayleigh number
shown as horizontal dashed line.
in which we recognize a characteristic time scale 𝜏 , which is inversely
proportional to permeability:
𝜏 =
ATcs
APgΩfk
. (27)
Equation (26) can be integrated to yield
TM − T0
TH(t) − T0
+ ln
(
TH(t) − T0
TH0 − T0
)
=
TM − T0
TH0 − T0
+
t
𝜏
, (28)
where TH0 (the initial front temperature) can be expressed as
TH0 = Tve −
1
AT
(
KIC + AP
(
P0 + 𝜌sgzH0
))
. (29)
Equation (28) can be inverted for TH as follows:
TH = T0 −
TM − T0
W−1
(
−r0e
−r0e−t∕𝜏
) (30)
where r0 denotes
r0 =
TM − T0
TH0 − T0
, (31)
and W−1(x) is the lower branch of the Lambert W-function, which is
deﬁned as long as TH0 < TM. The lower branch is a more physically con-
sistent choice than the upper branch, as it guarantees that TH will be a
decreasing function of time.
A solution for zH(t) is readily obtainedas anaﬃne functionof TH(t), through
equation (19). It can be used to infer when the hydrothermal convection
systemwill be dismantled, that is, when Ra falls below RaC after the system
has suﬃciently cooled. This occurs at the deepest intersection of the crack-
ing line and convection hyperbola (Figure 2), that is, when zH(t) = z
MAX
H
,
which corresponds to a time t = 𝜏∗ given by
𝜏∗ = 𝜏 ln
(
−r0e
−r0
BeB
)
, (32)
where B is deﬁned as
B =
2
(
TM − T0
)
√
D −
(
Tve − T0
)
+
KIC
AT
+
APP0
AT
(33)
2.5. Fundamental System Behavior
Figure 3 illustrates the behavior of the system described above using ref-
erence values for the various parameters summarized in Table 1. A grain
size of L = 5mmwith a characteristic ﬂaw size of a = 0.25mm are assumed. We use RaC = 10 and 𝜁 = 0.1,
which will be justiﬁed by benchmarking against a numerical model in section 4.1. In this conﬁguration,
cracking-driven convection requires a minimum permeability of 1.9 × 10−16 m2 [equation (22)]. We choose a
permeability of k = 2.15 × 10−15 m2, which allows the cracking front to migrate between ∼80 and ∼3,500 m
beneath the seaﬂoor [equations (23) and (24) and Figure 2c], and falls within the permeability range that
can be explained by a network of grain-scale cracks (see end of section 2.2). The initial depth of the cracking
front is set to zH0 = 1,000 m. At this depth the lithostatic pressure is such that the front temperature must
cool to∼420∘C for thermoelastic stresses to begin driving stable cracking (equation (19)). The corresponding
Rayleigh number [equation (5)] is ∼90 and makes convection possible.
As convectionmines heat fromunderlyinghot rocks, the cracking front deepens and cools (Figures 3a and3b),
and the amount of heat transported out of the system decreases (Figure 3c). However, thickening of the
convective layer initially overcomes the reduction in temperature diﬀerence across the layer and results
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Figure 4. Rayleigh number of a convective system sustained by thermal cracking, assuming the reference parameter
values listed in Table 1, and permeabilities indicated next to each curve in 10−16 m2 . (a) Time normalized by decay time
scale 𝜏 . (b) Time normalized by convection lifespan 𝜏∗ .
in a temporary increase of the Rayleigh number. This initial increase in Ra lasts about 20 kyr (Figure 3d),
and precedes a steady decay over a few hundreds of kyr. About 557 kyr following the onset of cracking, the
Rayleighnumberhasdecreased to its critical value, andconvection ceases. By thatpoint, the cracking fronthas
migrated downward by over 2 km and has cooled by over 400∘C. This example shows that thermal cracking
can sustain hydrothermal convection for signiﬁcant amounts of time.
To better characterize the time scales of interest during convection decay, we plot the evolution of the
Rayleigh number versus time for a range of permeabilities in Figure 4. Normalizing time by the decay time
scale 𝜏 in Figure 4a establishes 𝜏 as the characteristic duration of the initial increase in Ra. In other words,
the removal of a steady heat source in favor of a cracking front leads to a temporary increase in the vigor of
convection, which lasts an amount of time proportional to 𝜏 , that is, inversely proportional to the system’s
permeability. A steady decay follows this initial phase, and convection steadily becomes more sluggish. Con-
vection eventually ceases when t = 𝜏∗, leaving thermal conduction as the only means of transporting heat
through the lithosphere.
3. Numerical Models of Cracking-Fueled Convection
3.1. Motivation
The analyticalmodel outlined in the previous section features a number of simpliﬁcations, regarding both the
micromechanical description of cracking and the parameterization of porous convection. It lacks important
elements such as nonlinear hydrothermal ﬂuid properties and chaotic convective behavior at high Rayleigh
number (Fontaine & Wilcock, 2007). To explore some of the complexities that may inﬂuence cracking front
dynamics in real hydrothermal systems, and to assess whether our analytical model captures the essential
physics of the system, we developed a numerical model coupling porous convection and grain-scale thermal
cracking. Our model allows ﬂuid ﬂow to aﬀect the permeability structure of the lithosphere through a simple
parameterization of grain-scale thermal cracking. It enables us to visualize the evolution of the convective
system structure as it slowly decays over time.
3.2. Governing Equations
Our numericalmodel solves the heat and ﬂuid transport equations in porousmedia using aDarcy formulation
under the Boussinesq approximation. In this framework, conservation of ﬂuid mass is expressed as
𝛁 ⋅ q = 0, (34)
where q is the Darcy velocity given by
q = −
k
𝜇f
(
𝛁P − 𝜌fg
)
, (35)
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Figure 5. Numerical model domain dimensions and boundary conditions.
in which P is the ﬂuid pressure ﬁeld, 𝜇f is the dynamic ﬂuid viscosity, and
𝜌f is the ﬂuid density. Bold-faced characters indicate vector quantities. The
equation for heat transport in a porous medium (Turcotte & Schubert,
1982) can be written as
(
(1 − 𝜙) 𝜌scs + 𝜙𝜌f cf
)
)
𝜕T
𝜕t
+
(
𝜌f cf
)
q ⋅ 𝛁T − 𝜆m
(
∇2T
)
= 0, (36)
where 𝜙 is the porosity and cf is the ﬂuid-speciﬁc heat capacity.
In addition to solving for ﬂuid velocity (by way of pressure) and temper-
ature, our model allows ﬂuid ﬂow to aﬀect the permeability structure of
the lithosphere through a simple parameterization of grain-scale thermal
cracking. The model speciﬁcally tracks the boundary (i.e., the cracking
front) between a convecting part of the domain and an underlying non-
convecting region. The position of this boundary is controlled by the
thermal cracking model [equation (19)], which allows the boundary to
deepen and the convective layer to thicken as ﬂuids extract heat from,
cool, and then crack the initially uncracked lithosphere.
3.3. Numerical Methods
We developed a ﬁnite-volume code to obtain numerical solutions to
equations (34)–(36) in a two-dimensional domain. Similar to themethods
described in Crone andWilcock (2005), we use a control volume approach
(Patankar, 1980) for all spatial derivatives except those in the advective
term of the heat equation, for which we use an upwind scheme. This
approach leads naturally to a staggered-grid system inwhich temperature
and pressure are solved at control volume centers, and the Darcy velocity
is solved at control volume faces. The staggered grid, which is commonly
used in numerical treatments of heat transfer and ﬂuid ﬂow (Patankar,
1980), eliminates the possibility of “checkerboard” instabilities that can
arise when all quantities are solved at the same locations. The domain is
discretized into 10-m2 control volumes.
We integrate equations (34) and (36) in time using single-step implicit formulations. At each time stepwe ﬁrst
solve equation (36) to obtain an estimate of T at the end of the step, then solve equation (34) to obtain an
estimate of P at the end of the step using our estimate of T at the end of the step. We found empirically that
predictor-corrector iterations were not required as long as the time step was suﬃciently small. We employed
an adaptive time-stepping scheme that sought to increase the time step by a constant fraction at uniform
intervals, but reduced the time step by a constant fraction whenever the largest temperature change in any
part of the model domain was larger than 1∘C over a single step.
Thermal cracking in our model is implemented as a set of rules for the evolution of the permeability ﬁeld.
Volume elements located below the initial depth of the cracking front are initially assigned an eﬀectively null
permeability (10−32 m2), while volume elements located above have a constant permeability of k ≫ 10−32 m2.
When an initially impermeable (“uncracked”) element located at any depth zH cools below a temperature
TH given by equation (19), that element instantaneously acquires a permeability k. Since our focus is on the
overall cooling of the system and deepening of the cracking front, we do not allow cracked volume elements
to “uncrack,” or heal. In other words, once a grid volume has cooled enough to crack, it immediately becomes
open to ﬂow with a ﬁxed permeability, which is retained for the remainder of the model run.
3.4. Boundary Conditions, Equations of State, and Matrix Properties
We use the ﬁnite-volume code to solve for cracking front-fueled hydrothermal convection in a domain rep-
resenting a 4-km-wide section of a mid-ocean ridge extending 8 km below the seaﬂoor into the lithosphere
(Figure 5). The sides and bottom of the domain are insulated and closed to ﬂuid ﬂow, and the top is open to
seawater at a temperature of 0∘C and pressure of 20 MPa.
We use an equation of state for pure water (Holzbecher, 1998) to determine the viscosity of the pore ﬂuid
as a function of temperature, and a combination of two equations of state for 3.2 wt% NaCl-H2O solution
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Figure 6. (a) Average advective heat ﬂux out of the model domain prior to and after the onset of cracking (t = 0 kyr)
for the lowest permeability numerical simulation (k = 2.15 × 10−16 m2). The estimated time of the dismantling of
convection (convection terminus) is shown here. (b) Advective heat ﬂux through the top of the model domain, and
(c) temperature in the topmost ﬁnite-volume elements in the model domain during the simulation. (d)–(g) Snapshots
of the temperature ﬁeld (T) at select times during the simulation showing the migration of the cracking front into
the lithosphere. Note that for clarity, (a)–(c) are shown with diﬀerent time scales before and after the onset of cracking.
(Anderko & Pitzer, 1993; Pitzer et al., 1984) to determine the density and heat capacity of the pore ﬂuid as
a function of temperature and pressure. We assume constant and uniform values for 𝜙, 𝜌s, cs, and 𝜆m, listed
in Table 1.
3.5. Initial Conditions
We conducted a series of model runs with identical initial/boundary conditions, and increasing cracked-zone
permeability: 2.15×10−16, 4.64×10−16, 1.00×10−15, and 2.15×10−15 m2. In the initial stage of our simulations
the domain above the cracking front (initially at zH0 = 1,000m) is open to ﬂowwith uniform permeability. The
domain below the cracking front is initially impermeable, and at a temperature of 600∘C.
We note that this choice of permeabilities and basal temperature likely underestimates geological conditions.
Typically, models require discharge zone permeabilities of∼10−14 to 10−13 m2 to explain the thermochemical
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Figure 7. (a) Average advective heat ﬂux out of the model domain prior to and after the onset of cracking (t = 0 kyr)
for the highest permeability numerical simulation (k = 2.15 × 10−15 m2). The estimated time of the dismantling
of convection (convection terminus) is shown here. (b) Advective heat ﬂux through the top of the model domain,
and (c) temperature in the topmost ﬁnite-volume elements in the model domain during the simulation. (d)–(g)
Snapshots of the temperature ﬁeld (T) at select times during the simulation showing the migration of the cracking
front into the lithosphere. Note that for clarity (a)–(c) are shown with three diﬀerent time scales, one before the onset
of cracking, one between 0 and 25 kyr, and one after 25 kyr.
ﬂuxes commonly observed atmagma-driven hydrothermal systems (Driesner, 2010; Lowell et al., 2013). While
the permeability of ultramaﬁc-hosted systems remains largely unconstrained, thermodynamicmodeling also
suggests that permeabilities much greater than 10−13 m2 would preclude venting at temperatures greater
than 200∘C (Driesner, 2010). This is because ﬂuid advection above the thermal boundary layer would be
too rapid to eﬃciently heat up large volumes of upwelling ﬂuids. Here we are primarily limited by the com-
putational cost of running simulations with permeabilities of ∼10−14 to 10−13 m2 and basal temperatures
greater than 600∘C. Such models would require much smaller cell sizes to properly resolve a thin bound-
ary layer and thermodynamic ﬂuid properties outside the range available to our model. For these reasons
we restrict our models to slightly colder and lower permeability conditions to establish the agreement
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Figure 8. (a) Average total (advective and conductive) heat ﬂux transferred through the initial, stationary convection
system during the precracking stage of our model, when heat is supplied by enforcing TH = 600
∘C at zH = 1 km.
Black circles show results from the numerical models, with error bars corresponding to 1 standard deviation. The dashed
red line represents the analytical scaling in equation (6). (b) Convection lifespan estimated in our numerical simulations
(black bars). The bottom and top of each bar mark the times when the advective heat output of the convective system
drops below 1/500 and 1/5,000 of the precracking average value, respectively (Convection terminus illustrated in
Figures 6a and 7a). Red curves show the analytical prediction of 𝜏∗ from equation (32), assuming values of TM = 600,
500, 400, and 300∘C from top to bottom.
between numerical and analytical approaches.We then rely on the analyticalmodel to extrapolate our results
to higher permeabilities.
We initially maintain this portion of the domain impermeable and isothermal while convection initiates
and reaches a stationary state in the overlying permeable region. Due to the relatively high permeabilities
(and thus Rayleigh number), established convection is chaotic (Fontaine & Wilcock, 2007), but its stationary
nature can be assessed based on the heat output of the system, which ﬂuctuates around a steady value (e.g.,
Figure 6a). Once convection is fully established, the impermeable zone is allowed to cool and crack at t = 0
according to the thermal cracking model. The cracking front migrates downward as the system continues to
cool and convection eventually ceases.
3.6. Numerical Results
3.6.1. Initial Stationary Convection Maintained by an Imposed Temperature
In the initial stages of our simulations (t < 0), a hot zone of uniform temperature (600∘C) is imposed below
a depth of 1 km. In the simulation with the lowest permeability (k = 2.15 × 10−16 m2), this rapidly leads to
a stationary, yet unstable convection regime with three upwelling zones, that is, plumes (Figure 6). The aver-
age heat output of this stationary system is ∼1.5 W/m2, including ∼0.3 W/m2 transferred by ﬂuid convection
(Figures 6a and 6b). Small chaotic ﬂuctuations relate to the intermittent initiation of a fourth plume at the CBL
marking the base of the permeable zone (Figures 6b–6d). The initial stationary state is slightly diﬀerent in
the simulation with the highest permeability (k = 2.15 × 10−15 m2). It is characterized by six to seven plumes
that are thinner andmore closely spaced than in the lowest permeability case (Figure 7). In this conﬁguration,
stationary convection sustained by an imposed bottom temperature enables a net advective heat ﬂow of
∼6W/m2, while a total heat ﬂux of∼7.6 W/m2 escapes the system. The heat output ﬂuctuates greatly around
this mean, as chaotic instabilities continuously form at the boundary layer (Fontaine & Wilcock, 2007).
The total heat output of stationary convection averaged over the initial stage of our simulations (t < 0, minus
the short convection initiation period) is plotted against permeability in Figure 8. This reveals a power law
relation with exponent∼0.8, which is close to linear (red dashed line). The system’s output, however, changes
drastically as soon as the bottom temperature is no longer imposed and thermal cracking is enabled (t = 0).
3.6.2. Dynamics of Convection Decay During the Cracking Phase
At time t = 0, the hot zone is no longer imposed and cracking allows the downward migration of the con-
vective system. In the simulation with k = 2.15 × 10−16 m2 (Figure 6), this has no immediate eﬀect on the
architecture of the convective system, as four upwelling zones continue to vent ﬂuids at temperatures close
to their precracking values for over 10 kyr. During that time, the advective heat output of the system (spatially
averagedover the permeable domain) increases to∼0.6W/m2 before steadily declining over the next∼30 kyr.
During this decay phase, the four plumes remain in place and diﬀuse away as the cracking front deepens
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Figure 9. Maximum advective heat ﬂux at the seaﬂoor (i.e., always
corresponding to a hydrothermal discharge zone) during the cracking phase
of all simulations, colored by permeability.
to 1.6 km. The maximum advective ﬂux at any point on the seaﬂoor drops
rapidly (blue curve in Figure 9), which indicates the rapid cessation of
hydrothermal venting. At the convection terminus, whichwe deﬁne as the
timepastwhich themeanadvectiveheat output hasdroppedbelow1/500
to 1/5,000 of its precracking value, isotherms have become subhorizontal,
and conduction becomes the sole mechanism of heat transport.
The simulation with the highest permeability (k = 2.15 × 10−15 m2)
behaves in a similar manner, but with overall more vigorous and chaotic
convection (Figure 7). When cracking begins, the advective heat output
rapidly peaks at ∼8 W/m2 over a few kiloyears before steadily declining.
This transient increase in heat transport is similar to that observed in the
low-permeability simulation, but lasts an order of magnitude less time.
The subsequent decay phase lasts signiﬁcantly longer (≥100 kyr), and
is characterized by a continuous reduction in the number of upwelling
zones from seven to two plumes ∼70 kyr after the onset of cracking.
This is consistent with a progressive reduction in the Rayleigh number of
the convective system increasing the characteristic spacing of upwellings
(Cherkaoui & Wilcock, 1999; Lowell & Germanovich, 2004).
The seaﬂoor manifestation of this reorganization is an overall decay in exit
ﬂuid temperatures (from ≥100∘C down to ∼10∘C) within discharge zones
that can themselves disappear as plumes merge or diﬀuse away. Interestingly, the merging of two or more
plumes systematically results in a burst of advective heat that episodically revives strong seaﬂoor venting
(Figures 7b and7c). This eﬀectwas previously describedby Fehn andCathles (1986). Figure 9 (red curve) in fact
shows that transient venting ﬂuxes as high as ∼10 W/m2 can be sustained over 1–10 kyr even ∼70 kyr after
the onset of cracking. After that, the ﬁnal stage of convective decay (Figures 7f and 7g) involves two steady
plumes venting low-temperature ﬂuids (≤10∘C) at the seaﬂoor while slowly diﬀusing away. An important
outcomeof this simulation is that thermal cracking alone can sustainmoderate-temperature venting for a few
tens of thousands of years, and then low-temperature venting for about a hundred thousand years without
any magmatic heat input.
These time scales vary systematically in our numerical simulations. In Figure 8b, we plot the convection lifes-
pan (high and low estimates of the convection terminus based on the heat output, see caption) in all our
simulations as a function of permeability. This highlights a positive trend, and possibly a decreased sensitivity
of convection lifespan to permeabilities greater than ∼10−15 m2.
4. Discussion
4.1. Comparison of the Analytical and Numerical Models
To gain further insight into the essential physics underlying the complex behavior of our numerical simula-
tions, and the applicability of our analytical approach to geological situations, we compare key outputs of our
models in a systematic manner.
The ﬁrst point of comparison is the stationary heat output of the convective system in the precracking phase
of our numerical models, when convection is sustained by an imposed temperature of 600∘C at zH = 1 km.
As reported in section 3.6.1, the total heat ﬂux transferred through the permeable zone scales with perme-
ability to some power close to unity. This is consistent with the analytical scaling of equation (6), which builds
upon a linear relation between the Rayleigh and Nusselt numbers [equation (4)]. The reason why the scaling
is not perfectly linear is likely that equation (4) strictly applies to high Rayleigh number (Ra ≥ 103) convection
(Hewitt et al., 2012), while the systems considered here have Ra ≤ 103. The nonlinear properties of hydrother-
mal ﬂuids may also be a factor. Nonetheless, we assume that a linear relation holds for simplicity and use our
plot of heat output versus permeability (Figure 8) to calibrate the scaling factor 𝜁 in equation (6). We ﬁnd
that 𝜁 = 0.1 provides a satisfactory approximation to the numerical results. This value is consistent with the
approachof Lowell andGermanovich (2004), whopostulated that theNusselt number should roughly scale as
Ra∕RaC , if one assumes RaC = 10. Theoretical values for RaC derived from linear stability analysis of simpliﬁed
systems yield values of similar order of magnitude (e.g., 4𝜋2 ; Lapwood, 1948; Nield & Bejan, 1992).
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Figure 3 provides a direct comparison of the cracking front depth, temperature, and associated heat ﬂow ver-
sus time following the onset of cracking for a permeability of k = 2.15× 10−15 m2. It is noteworthy that while
the characteristic time scale of heat transfer decay (∼100 kyr) is well captured by the analytical model, the
temperature of the cracking front TH does not drop to zero when convection ceases in our numerical simu-
lations. This is because our analytical model only considers heat transferred through convection and ignores
heat conduction below the cracking front. Conduction provides a slowly decaying ﬂux of heat to the cracking
front, whichmaintains it at amoderate (yet slowly declining) temperature once convection has ceased. In fact,
once the numerical models have reached this stage, their evolution resembles that of a half-space cooling
model (Figures 6g and 7g). Consequently, the cracking front cannot migrate as deep in the numerical mod-
els as it does in the analytical model, because it does not build up enough thermal stresses to counteract the
increasing lithostatic pressure.
Nonetheless, the analytical model captures the ﬁrst-order kinetics of convection decay (Figure 3c). In par-
ticular, it predicts a short time span immediately following the onset of cracking during which the Rayleigh
number should temporarily increase. While we do not have a straightforward access to the system’s Rayleigh
number in the numerical simulations, a manifestation of this transient phase could be the fact that the con-
vection structure does not start changing after a certain amount of time postcracking. Indeed, a decay in Ra
is accompanied by a progressive decrease in the number of upwellings by plume merging, consistent with
the fact that the average plume spacing should scale inversely with Ra (Lowell & Germanovich, 2004). In the
simulation with the lowest permeability (Figure 6), convection continues in a state resembling its precrack-
ing conﬁguration for ∼10 kyr. In the simulation with 10 times greater permeability, it takes only ∼1 kyr for
plumes to start reorganizing. This simple observation suggests that the transient phase of Rayleigh increase,
which delays the merging of plumes, lasts for a period of time that is inversely proportional to permeability.
This is consistent with the prediction of the analytical model, in which this phase lasts an amount of time
proportional to the characteristic time scale 𝜏 [equation (27)], which is itself inversely proportional to k.
The second time scale of interest in our models is the lifespan of the convective system 𝜏∗. Estimates from
the numerical and analytical models are compared in Figure 8b and are in general agreement. Convection
lifespan increases nonlinearly from ∼60 kyr to ∼700 kyr when permeability is increased from 2.15 × 10−16 to
2.15 × 10−15 m2. This increase appears to diminish at higher permeabilities. When using the same reference
parameters in the analytical and numerical models (Table 1), the analytical model tends to overpredict con-
vection lifespan (top red curve in Figure 8b). We interpret this as the result of another simpliﬁcation of the
analytical model. Through equation (2), it is implicitly assumed that an inﬁnitesimal migration of the cracking
front results in transferring an amount of heat equivalent to cooling underlying rocks from TM to the current
TH. In reality (and in the numerical models), due to heat conduction beneath the cracking front, rocks that are
about to become permeable are no longer at TM, but instead at a much lower temperature. For example, in
Figure 6e the TM isotherm (600
∘C) sits at∼2 kmwhile the cracking front lies at∼1.4 km. Rocks traversed by the
cracking front therefore cool down from a temperature lower than 600∘C and closer to 400∘C. To account for
this eﬀect in the comparison of our model, we plot three additional curves in Figure 8b corresponding to an
eﬀective value of TM equal to 500, 400, and 300
∘C, from top to bottom. Doing so helps bracket the numerical
results and improves the agreement between the two types of models.
The important takeaway from this exercise is that the analytical model does capture the ﬁrst-order dynam-
ics of a convective system fueled by a downward propagating cracking front. Most discrepancies between
themodels stem from the assumption of negligible heat conduction beneath the front, which is most appro-
priate for high Rayleigh number systems (i.e., permeabilities ≥ 10−14 m2), in which heat advection greatly
exceeds conduction in the initial stages of the decay, and the CBL is very thin. It is remarkable that the analyt-
ical model, which assumes constant/linear ﬂuid properties predicts the lifespan of convection so accurately
in the numerical models, which incorporate complex equations of state for the hydrothermal ﬂuids, as well
as true convective dynamics (as opposed to parameterized) in a two-dimensional domain. This supports the
idea that our parameterization of convective heat extraction with a cracking front is appropriate and that the
prediction of the analytical models can to some degree be extrapolated to geological systems. Furthermore,
the numerical models provide insight into the seaﬂoor manifestation of cracking-fueled convection, which is
very dependent on permeability. The simulation with k = 2.15 × 10−15 m2, in particular, suggests that a con-
vective system sustained exclusively by cracking could still feature bursts of moderate-temperature venting
(50–100∘C) up to almost 100 kyr following the disappearance of a steady heat source such as a replenished
magma sill (Figure 7). This process could potentially account for moderate-temperature discharge at oﬀ-axis
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Figure 10. Eﬀect of key micromechanical parameters (grain size and ﬂaw
size expressed as a percent of grain size) on (a) the lifespan of convection
sustained by thermal cracking and (b) the depth range within which the
cracking front can migrate. This plot assumes reference parameter values
listed in Table 1, and TM = 1000
∘C.
hydrothermal sites not directly associated with a magmatic heat source,
such as Lost City on the Mid-Atlantic Ridge (Kelley et al., 2001).
4.2. Sensitivity of Convection Lifespan to Micromechanical
Parameters
Our analytical and numerical models both predict that hydrothermal con-
vection, albeit sluggish and slowly decaying, could be sustained for up
to several hundreds of thousands of years without a steady heat source.
It would then be accompanied by a deepening of the cracking front by
∼1 km. These predictions correspond to our reference models, in which
thermal stresses nucleate cracks from 0.25-mm ﬂaws at the boundaries of
0.5-mm grains of olivine. We have also assumed a constant temperature
of 600∘C for hot rocks, which is the highest ﬂuid temperature we could
reliably model with the thermodynamic data sets available for our numer-
ical simulations. In real geological systems, however, the temperature of
hot rocks far below the cracking front is likely closer to 1000∘C and pos-
sibly even greater. To assess the sensitivity of key model predictions to
these important yet not well-constrained parameters, we calculated zMIN
H
,
zMAX
H
, and 𝜏∗ over a wide range of conditions (Figure 10), and assumed
TM = 1000
∘C.
The lifespan 𝜏∗ of hydrothermal convection driven by thermal cracking is
an increasing function of permeability, particularly for low values of per-
meability close to kMIN. For greater values of permeability (k ≥ 10−15 m2),
𝜏∗ tends to plateau at a value primarily set by micromechanical parame-
ters (Figure 10a). Both 𝜏∗ and zMAX
H
are strongly aﬀected by the ratio of ﬂaw
size to grain size, in addition to the absolute value of grain size. We ﬁnd
that bigger olivine grains with smaller ﬂaw-to-grain size ratios tend to pro-
mote longer-lived hydrothermal systems that penetrate deeper into the
crust (down to ∼6 km in Figure 10b). This is largely because, as noted by
deMartin et al. (2004), narrower ﬂaws in larger grains concentrate stresses
more eﬃciently and thus promote cracking under a wider range of condi-
tions. This said, a large variability in micromechanical parameters leads to
a remarkably narrow range of 𝜏∗ at high permeabilities. Speciﬁcally, the realistic range explored in Figure 10
leads to a range of convection lifespans between 200 kyr and 2 Myr. This suggests that these time scales may
apply to a variety of settings, regardless of lithology.
4.3. Implications for Hydrothermal Systems at Slow and Ultraslow Mid-Ocean Ridges
Here we illustrate the applicability of our models to geological systems using the example of the Mount
Dent massif on the ultraslow spreading (15 mm/year) Mid-Cayman Spreading Center. Mount Dent is an
oceanic core complex, that is, the footwall of a large-oﬀset detachment fault consistingmainly of lower crustal
and mantle units (German et al., 2010) sitting on the westside of the N–S trending axial valley (Figure 11).
The Von Damm hydrothermal ﬁeld (VDHF) lies near its top, about 10 km oﬀ-axis (Connelly et al., 2012).
There ∼200∘C ﬂuids presently vent with a chemistry strongly inﬂuenced by ultramaﬁc and maﬁc host rocks
(McDermott et al., 2015). Hydrothermal circulation also accounts for a remarkably high heat ﬂux (∼500 MW)
for an ultramaﬁc-hosted system, particularly so far oﬀ axis, away from the primary location of heat focusing
(Hodgkinson et al., 2015). It is therefore currently debatedwhether active hydrothermal circulation as seen on
Mount Dent requires a source of magmatic heat supplied directly to the core complex, or whether it involves
alternative mechanisms that may be typical of magma-starved, ultraslow spreading centers.
Recent seismic studies have shed new light on the internal structure of Mount Dent. In particular, P wave
tomography has recently revealed a 10-km scale positive VP anomaly dipping to the east a few kilometers
below the VDHF (Harding et al., 2017). This was interpreted as a gabbro body intruded on axis ∼1–2 mil-
lion years ago and subsequently advected oﬀ axis and rotated by continued slip on the detachment fault
(Figure 11). This body (or cluster of bodies) is underlain by a broad anomaly of low VP ∼ 6 km/s extending
4–6 km below seaﬂoor and spanning ∼10 km in the cross-axis direction. Harding et al. (2017) interpret this
area as a region of ﬂuid-ﬁlled fractures providing pathways for hydrothermal circulation feeding the VDHF,
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Figure 11. Interpretative cross section through the Mount Dent oceanic core complex at the ultraslow Mid-Cayman
spreading center, modiﬁed from Harding et al. (2017). Dashed contours indicate P wave velocities from the tomographic
model of Harding et al. (2017). The dark-gray region in the footwall of the detachment fault (DF) is interpreted as a
gabbro body (G) intruded at the axis ∼2 My ago and subsequently cooled, advected, and rotated oﬀ axis. The region
below (crack symbols) at ∼6 km/s is interpreted as an area of ﬂuid-ﬁlled fractures underlain by a cracking front.
This front separates cracked, altered mantle (light green), where hydrothermal circulation occurs (blue arrow) from
higher-velocity intact mantle (dark green). Gray areas show the inferred geometry of crustal units. VDHF = Von Damm
Hydrothermal Field.
but cannot rule out the presence of partially molten sills within the massif. Another observation to consider
is that methane venting at the VDHF is radiocarbon-dead, whereas dissolved CO2 primarily derived from sea-
water contains detectable 14C (McDermott et al., 2015). Methane thus cannot have formed by reduction of
dissolved CO2 during hydrothermal circulation, and must be sourced from carbon that resided in the litho-
sphere over time scales greater than ∼50 kyr. McDermott et al. (2015) further suggested that this methane
could originate from ﬂuid inclusions in maﬁc units (e.g., crystallized sills) that remained closed systems long
enough to extinguish 14C radioactivity and were then leached by hydrothermal ﬂuids, potentially through
cracking of previously sealed inclusions. Both geochemical and geophysical evidence therefore point to the
importance of cracking processes beneath the VDHF. Our modeling results can help place quantitative con-
straints on plausible scenarios for the hydrothermal evolution of Mount Dent and the nature of the interplay
between cracking and magma emplacement.
If the base of the low-velocity anomaly imaged by Harding et al. (2017) represents a cracking front, it appears
to lie ∼3 km deeper beneath Mount Dent compared to adjacent areas (Figure 11). In our models, downward
migration of a cracking front by a few kilometers can occur over ∼1 Myr (Figure 10). This would make the
initiation of cracking-fueled convection coincident with the emplacement of the massive gabbro body. As
this magmatic heat source waned, thermal stresses generated by hydrothermal cooling could have driven
cracking beneath the gabbro body. Assuming a footwall permeability greater than 10−15 m2, a slow down-
ward propagation of the cracking front by ∼6 km (e.g., blue curve in Figure 10) could have occurred and
overcome the upward advection of footwall units due to slip on the detachment fault. While hydrothermal
venting would have occurred continuously throughout the growth of Mount Dent in this scenario, the vigor
of the convective system would have decayed far below the 200∘C and 500 MW output presently observed
at the VDHF.
By extrapolating our analytical scalings to permeabilities greater than those accessible in our numerical mod-
els, but potentiallymore representative of high-temperature hydrothermal systems (10−14 to 10−13 m2; Lowell
et al., 2013), we can infer that thermal cracking would only sustain high output discharge (∼100–1,000 MW,
fromequation (6) for relatively short amounts of time (∼10–100 years, fromequation (27). Such time scales are
onparwith thedecay timeproposedbyLiu andLowell (2009) for high-temperature systemsdrivenbyanonre-
plenishedmelt lens. Thermal cracking alone is therefore not a viablemechanism to sustain high-temperature
venting over periods longer than∼100 years. Generally speaking, there is a tradeoﬀ between the heat output
of a system (proportional to k) and the time scale over which this output can bemaintained by thermal crack-
ing (inversely proportional to k). It is possible that much larger scale fractures enable ﬂuids to tap heat more
eﬃciently into the core complex than grain-scale cracks. These could correspond to secondary faults related
to the doming of the detachment fault footwall (e.g., deMartin et al., 2007). Analytical work of Bodvarsson
(1982) and Lowell (2010) suggest thatmaintainingoutputs of hundreds ofMWper kmalong the fracture strike
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requires the fault or its circulating ﬂuid to propagate downward at rates greater than ∼10 m/year over hun-
dreds of years. In our grain-scale cracking models, such high rates only occur with high system permeability
(∼10−13 m2), and only over ∼10 years. Imaging the spatiotemporal distribution of microseismicity beneath
Mount Dent is one potential way to determine whether heat extraction is focused within narrow slots, or
distributed over a wide area (as suggested by tomographic models).
It is also plausible that a recent (<100 years), nonreplenished intrusion could have reinvigorated a dying
cracking-fueled convection and still be fueling present-day venting at the VDHF. High-temperature venting
may also have been sustained over longer periods by a near-continuous input of magma into the footwall.
Liu and Lowell (2009) estimated that a magma ﬂux of order ∼106 m3/year would be necessary to sustain
high-temperature convection, otherwise the system would decay on decadal time scales. Over the lifespan
of Mount Dent, this would amount to∼10 km3 of magma emplaced in the core complex. While the intrusion
of large amounts of gabbroic material does not preclude prolonged slip on a detachment fault (Olive et al.,
2010), this appears incompatible with a strong ultramaﬁc inﬂuence on ﬂuid chemistry (Hodgkinson et al.,
2015; McDermott et al., 2015), and the VP structure imaged beneath Mount Dent (Harding et al., 2017). Thus,
if continuous magmatic replenishment has occurred, it likely did not initiate until at most∼100 ka, otherwise
a sizeable crustal section would be visible under Mount Dent.
A plausible alternative is that episodic intrusions of partially molten sills (e.g., Carr et al., 2008) into the foot-
wall could have periodically reinvigorated cracking-fueled hydrothermal convection. Every intrusion would
have reset the cracking front to a shallower depth by a few kilometers and initiated a newphase of downward
migration. In between each intrusion event, the cracking front could have broken ﬂuid inclusions formed in
earlier sills, providing a source of radiocarbon-deadmethane for hydrothermal ﬂuids. Thiswould place a lower
bound of ∼50 kyr on the periodicity of magmatic intrusions. In this scenario, venting at Mount Dent would
have consisted of a succession of high-temperature episodes (∼100 years), transient bursts of moderate-
temperature venting (over tens of kiloyears), and long phases of low-temperature venting (hundreds of
kiloyear). Future studies targeting the history of hydrothermal output at Mount Dent will be crucial to test the
validity of such models.
One important limitation of our model is that it only considers thermoelastic stresses generated by cooling,
and heat supplied by deep impermeable hot rocks. In reality, additional mechanisms can contribute to the
generation of heat and permeability in the oceanic lithosphere. For example, it is likely that tectonic and / or
ﬂexural stresses related to plate separation and footwall exhumation (e.g., deMartin et al., 2007) could help
drive grain-scale cracking and the formation of permeable pathways. In addition, alteration reactions such as
serpentinization could provide both a source of heat and volumetric stress (Farough et al., 2016; Germanovich
et al., 2012; Plumper et al., 2012; Rudge et al., 2010). While not accounted for in our analytical framework,
additional driving stresses could be described as an eﬀective decrease in the critical fracture toughness of
the material (KIC in equation (19), meaning that for the same amount of cooling at a given pressure, it would
be mechanically easier to drive stable cracking. This would result in cracking fronts that penetrate deeper
into the lithosphere [greater zMAX
H
from equation (24)] and sustain convection for even longer [greater 𝜏∗ from
equation (32)]. Volume changes associated with alteration reactionsmay be a necessary contributor allowing
hydrothermal circulation and widespread alteration down to depths of ∼15 km, as inferred by Schlindwein
and Schmid (2016) beneath amagmatic sections of ultraslow spreading ridges. Of course it is likely that pre-
cipitation of weak alteration minerals may also clog ﬂuid pathways and reduce the average permeability
k in the convective region. While these eﬀects are beyond the scope of this study, we note that the time
and length scales inferred here would not be strongly aﬀected as long as permeability remains greater than
∼10−15 m2 (Figure 10).
5. Conclusions
Slow and ultraslow spreading mid-ocean ridges are characterized by a low and highly episodic supply of
magma, and yet feature hydrothermal circulationof varying intensity, sometimes far oﬀ axis,which canbe sus-
tained over 10–100 kyr. These settings challenge the notion that sustained hydrothermal convection requires
an underlyingmagma reservoir that is constantly replenished. We propose that hydrothermal circulation can
be long livedevenatmagma-starved ridges, provided thatdiscretemagmatic intrusionsoccur regularly.While
unable to build a continuous crustal section, these intrusions could periodically reinvigorate hydrothermal
circulation. After they fully crystallize, cooling stresses (likely aided by tectonic stresses and volume changes
OLIVE AND CRONE 18
Journal of Geophysical Research: Solid Earth 10.1029/2017JB014900
due to alteration reactions) could drive the downwardmigration of a grain-scale cracking front, which would
tap heat from underlying hot rocks by making them permeable to ﬂow. Increasing lithostatic pressure would
make the propagation of the cracking front more and more diﬃcult at depth and eventually halt its progres-
sion. At this stage, the base of the permeable region will have cooled so much that convection ceases. This
process can account for hydrothermal circulation reaching depths of order ∼10 km. If a newmagmatic intru-
sion occurs at a shallower depth, the convective system can be reset and a new phase of cracking-fueled
circulation can begin. Our analytical and numerical models suggest that the lifespan of cracking-fueled con-
vection could be as high as∼100 kyr to∼1Myr, depending on the permeability of the systemaswell as several
micromechanical parameters such as grain size. Ifmagmatic intrusions occur every∼10 kyr, transient bursts of
moderate-temperature venting are possible at any given time. If they occur every∼100 kyr, the longer crack-
ing phase would most likely be characterized by sluggish convection and diﬀuse, low-temperature venting,
which on time scales of ∼10 kyr would yield a higher heat output than any “background” convection driven
by the underlying heat supplied by upwelling mantle.
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